INTRODUCTION
Mercury is a harmful atmospheric pollutant. Anthropogenic and natural processes are both major sources of mercury emissions (Schroeder and Munthe, 1998) . Due to the natural emissions and re-emissions of historic anthropogenic mercury, natural processes and sources have been considered as the major contribution (about 60% of the total) to the global atmospheric mercury budget (Driscoll et al., 2013; Pirrone et al., 2010) . Volcanoes and geothermal activities are important natural sources of atmospheric mercury. Cataclysmic volcanoes may eject quantities of volatile mercury into the stratosphere sufficient to influence the global and regional cycles of mercury for several years (Delmas et al., 1992) . By contrast, moderate eruptions or quiescent degassing can release mercury directly into the troposphere which can cause long term effects on local environments (Bagnato et al., 2007) . Geothermal activities are also associated with elevated levels of mercury in surrounding soils and air (Siegel and Siegel, 1975; Varekamp and Buseck, 1986; Zellmer et al., 2014) . Atmospheric mercury can be deposited on surfaces through both wet and dry processes During the 5th Chinese National Arctic Research Expedition in 2012 (CHINARE 2012) , the research vessel R/V Xuelong passed through the Northwestern pacific volcanic belt and arrived at the geothermal or volcanic islands, Iceland. This provides an opportunity to investigate the regional characteristics of atmospheric mercury over the volcanic belt. To identify the potential sources of TGM, we combined backward air trajectory, CO, meteorological/hydrologic data and volcanic degassing information from the OMI Sulfur Dioxide Group (http:// so2.umbc.edu.cn) for further analysis.
EXPERIMENTAL

Sampling location
The cruise track of CHINARE 2012 (from June to September) passed through the volcanic belt such as Japan, Kamchatka peninsula and Iceland as shown in Fig.  1 . Japan and Kamchatka peninsula are located in the circum-Pacific volcanic belt. About ten percent of global volcanoes are located in Japan. There are about 160 volcanoes located in Kamchatka peninsula, and 29 volcanoes belong to the most active volcanoes. Iceland is a country with frequently volcanic and thermal activities, and a lot of geothermal energy and hot springs.
Sampling data
The data were collected on the Chinese Research Vessel (R/V) Xuelong during CHINARE 2012. TGM measurements with 5-min resolution were made using an automatic Mercury Vapor Analyzer (model 2537B, Tekran Inc., Toronto, Canada). Air flow was 1.0 L/min through a 0.45 mm PTFE filter in the front of the inlet to exclude sea salt aerosols. The Hg detection limit, in operational mode, was lower than 0.1 ng/m 3 . The Tekran instrument was automatically recalibrated every 24 h by an internal permeation source. Manual calibrations were made before and after the field studies using standard injections of saturated mercury vapor. The relative percent differences and the relative differences of Hg values of the duplicate injections were both less than 2% in the automated and manual calibrations. Additional details on measurement methodology are provided by (Xia et al., 2010) . Trace gases, meteorological/hydrologic and GPS data were also measured. Surface level O 3 mixing ratios were continuously measured using an O 3 analyzer (EC9810A, Australia), which combined microprocessor control with ultraviolet (UV) photometry (Fu et al., 2011; Geng et al., 2007) . The O 3 analyzer was operated with an integration time of 60 s during CHINARE 2012. A manual zero calibration was executed for 40 to 50 min every 10 d. The O 3 detection limit was 0.5 ppb at a sampling rate of 0.5 L/ min. Surface level CO mixing ratios were analyzed by CO EC9830 monitors at a sampling rate of 1 L/min. The automatic zero calibration was made for about 15 min every 3 h. Meteorological/hydrologic parameters and GPS data with 5-min averaged value including air temperature (AT), relative humidity (RH), barometric pressure (P), wind speed (WS), wind direction (WD), water temperature (WT), salinity (S) and colored dissolved organic matter (CDOM), ship direction, and ship speed were obtained from the ship's monitoring system.
The raw sampling data of TGM, O 3 , CO, meteorological/hydrologic and the GPS data were averaged with a same temporal resolution of 5 min. Occasional sampling of the plume of the internal ship engine was unavoidable. Air samples may have occasionally been contaminated when the wind direction relative to the ship's bow was in the sector of 180∞ ± 60∞. Some data were therefore ex- cluded based on wind direction. Readings of O 3 < 8 ppb and CO/O 3 > 15 indicate sample contamination by ship emissions. The screened data were further examined by these criteria. For events with CO/ O 3 > 15, there was no correlation between TGM and CO (p > 0.05). Hence, we conclude that the influence of the exhaust from (R/V) Xuelong was minimal.
RESULTS
TGM values found along the cruise path of CHINARE 2012 in the Arctic Ocean have been reported (Yu et al., 2014) . In this study we report the spatial distribution of TGM along the volcanic and geothermal belt outside the Arctic Ocean. Figure 2 shows that TGM concentrations ranged from 0.17 to 9.03 ng/m 3 with a mean of 1.86 ± 1.21 ng/m 3 (median: 1.55 ng/m 3 ). The mean TGM was similar to the background value of the Northern Hemisphere (1.5-1.7 ng/m 3 ) (Ebinghaus et al., 2009 ) and the mean value during CHINARE 2008 (1.52 ± 0.68 ng/m 3 ), but the median in 2012 approached that of 2008 (Kang and Xie, 2011) , implying observations in 2012 encounter some episodes influences. In fact, several peaks were observed in CHINARE 2012. To investigate the peaks and spatial distribution of TGM, the sampling regions were separated into leg1 (June 28th to July 4th) which included Offshore China and Japanese Sea for departing trip, leg2 (July 7th to July 17th) which included Northwest Pacific Ocean and Bering Sea for departing trip, leg3 (September 8th to September 18th) which included Northwest Pacific Ocean and Bering Sea for returning trip, leg4 (September 19th to September 23rd) which included Offshore China and Japanese Sea for returning trip, and leg5, which included the Iceland region (August 12th to August 21st). Near Iceland, the ship travelled from the North Atlantic Ocean to the Reykjavik harbor on August 14th and then left Reykjavik harbor on August 19th. The ship arrived at Akureyri harbor on August 19 and then left the harbor on August 21. The location of TGM peaks in leg1 and leg4 were close to Japan, while the location of peaks in leg2 and leg3 were near the Kamchatka peninsula. The TGM peak near Iceland occurred in the region between the North Atlantic Ocean and the Reykjavik harbor. Table 1 shows the TGM mean in leg1, covering most of offshore China, was 1.99 ± 0.71 ng/m 3 (median: 1.89 ng/m 3 ). This value was slightly lower than that observed (mean: 2.62 ng/m 3 , median: 2.24 ng/m 3 ) in the South China Sea (Fu et al., 2010) , but comparable with values from the east Asia coast to the west Pacific Ocean along the Philippines (mean: 1.74 ± 0.51 ng/m 3 , median: 1.59 ng/m 3 ) (Xia et al., 2010) . For leg2 covering the North Pacific Ocean and the Bering Sea, the mean value was 1.23 ± 0.55 ng/m 3 , which was comparable to the mean value in the same region (about 1.34 ng/m 3 ) recorded (Laurier et al., 2003) . Leg4 included the Japan Sea and offshore China; the mean value was 2.78 ± 1.42 ng/m 3 , which was significantly higher than the level in the same region during CHINARE 2008 (about 1.3 ng/m 3 ). For leg1 and leg3, both near Japan, the highest TGM levels were 4.87 ng/m 3 and 9.03 ng/m 3 , respectively. For leg2 and leg4, both near the Kamchatka peninsula, the highest TGM levels were 4.43 ng/m 3 and 7.53 ng/m 3 for leg2 and leg4, respectively. The TGM concentrations near Iceland increased when the ship passed from the North Atlantic Ocean to the Reykjavik harbor, and then remained stable between the Reykjavik harbor and the Akurevri harbor. The average TGM was 1.39 ± 1.02 ng/m 3 for the Iceland leg (leg5), which was comparable to the value (about 1.1 ng/m 3 ) over the North Atlantic Ocean (Slemr et al., 2011) . However, the average TGM concentration at the Reykjavik harbor (average: 1.91 ± 1.27 ng/m 3 ) was relatively greater than the 
DISCUSSION
TGM concentrations may be influenced by sources such as long range transport of anthropogenic emissions or natural sources from the ocean including volcanic and geothermal activities (Mason, 2009; Varekamp and Buseck, 1986) . To identify the potential sources of the TGM peaks observed at different locations we used backward air trajectory, CO, meteorological/hydrologic data, and volcanic degassing information from the OMI Sulfur Dioxide Group.
The role of the ocean
Previous reports suggested that relatively high TGM concentrations around Japan were due to volcanic emissions (Nakagawa and Hiromoto, 1997) , but the higher TGM values may also derive from other sources. The HYSPLIT model, indicated that the air masses related to the peaks, shaded in blue in leg1 and leg4, were from the Pacific Ocean (Fig. 3) . However, the TGM peaks were negatively correlated (R = -0.492, p < 0.01) with the corresponding CO concentrations in leg1 and uncorrelated for leg4 observed in this study (Table 2 ). These findings suggest that the peak values of TGM in leg1 and leg4 were not influenced by anthropogenic sources. In addition, we did not find enhanced SO 2 levels during these periods, indicating that the high TGM levels were not due to volcanic emissions. However, the peaks of TGM concentrations in leg1 and leg4 both showed a positive correlation with colored dissolved organic matter (CDOM) and wind speed (WS), and a negative correlation with water temperature (WT) and salinity (S) ( Table 2 ). The negative correlation with WT and S may due to river discharges which can also input high levels of mercury (Myers et al., 1990) . CDOM represents a significant part of the dissolved organic matter (DOM) (Ertel et al., 1986) . It has been demonstrated that Hg 2+ reduction is correlated with DOM content (Andren and Harriss, 1975) . Mercury reduction by DOM includes two processes. The first is direct reduction of reactive mercury by the transfer of ligand-metal charges (Allard and Arsenie, 1991) . The second process is the photolysis of DOM by formation of reactive intermediates (Voelker et al., 1997) . The relatively high correlations with the CDOM in leg1 (R = 0.390, p < 0.01) and leg4 (R = 0.616, p < 0.01) may indicate a source of mercury reduction in this ocean region. Relatively high mercury levels can occur in the surface waters around Japan (Nishimura et al., 1938) . The sampling area for leg4, including the peak, was located in an upwelling water region. High concentrations of dissolved gaseous mercury (DGM) can occur in cool and nutrientrich waters (Kim and Fitzgerald, 1986) . The higher WS may have contributed to the mercury emission deduced by the positive correlation with WS in leg1 (R = 0.482, p < 0.01) and leg4 (R = 0.418, p < 0.01).
The role of volcanic activity
About 160 volcanoes occur in the Kamchatka peninsula of which 29 are active (Hu et al., 2015) . The TGM peaks in leg2 and leg3 were found close to the Kamchatka peninsula, suggesting volcanic sources of mercury. There was no correlation between the TGM peaks in leg2 and leg3 with either CDOM and CO, indicating that the mercury sources were neither from the local ocean nor related to human activities. Plumes from a volcano in Japan have been shown to result in high levels of TGM (Tomiyasu et al., 2006) . To investigate potential volcano sources in the two legs, we obtained information on SO 2 concentrations emitted from a volcano close to the 
Fig. 4. Volcano information of July 7th and September 12th were inserted in (a) and (c), respectively. The seven-day backward trajectory of July 7th (b) and September 12th (d).
Kamchatka peninsula collected by a NASA satellite (Draxler and Rolph, 2003) . For leg2, as shown in Fig. 4a , the SO 2 values around the Kamchatka peninsula were low on July 7th. During this period, the backward trajectories (shown in Fig. 4b ) indicated that the existing air mass originated from the North Pacific Ocean. Consequently, the peak of leg2 was not linked to volcanic activity. The high values may be due to the regionally high background levels of TGM in the North Pacific Ocean (Laurier et al., 2003; Sunderland et al., 2009) . For leg3, SO 2 values around the Kamchatka peninsula were very high on September 12th (Fig. 4c) indicating that volcano emissions did indeed occur on, or about, September 12th. Using the trajectory of volcanic ash provided by the HYSPIT model, the eruptions of Karymsky and Shiveluch volcanos in the Kamchatka peninsula were recorded (Fig. 5 ). As shown in Fig. 4d , the air mass passed through the volcanic plume during leg3, further confirming that the peak value of TGM in leg3 was related to the volcanic emission.
The role of geothermal activity Mercury can be released into atmosphere from geothermal activities (Siegel and Siegel, 1975) . The TGM readings in the Iceland leg (leg5) increased in the Reykjavik harbor after which the TGM values remained similar in value to the open ocean. No relationship with the CO data for the peak indicated that the sources of mercury were not from human-related activities that release CO. NASA satellite data indicated no volcanic activity during the sample periods. We hypothesize that the peak TGM in leg5 resulted from a geothermal source. The wind frequency in the Reykjavik harbor and the Akurevri harbor are shown in Figs. 6a and 6b. Although the main wind direction for the two harbors was from the northeast, the air mass for the Reykjavik harbor originated from inland while the origin of the air mass for the Akurevri harbor was oceanic. Many volcanoes and hot spring volcanoes are found in Iceland from the southwest to the northeast, including those with both high-temperature and low-temperature activity (Supplementary Fig. S1 ). Geothermal energy is important in Iceland, where 85% of the energy used for heating is obtained from geothermal installations (Edner et al., 1991) . Geothermal water, steam, and gas are formed in the high-temperature field. LIDAR remote sensing has demonstrated that geothermal plants can release elemental mercury at a rate of 18-24 g per h (Ferrara et al., 1998) . The association of high atmospheric mercury concentrations with geothermal activities has been established in Iceland, (Siegel and Siegel, 1975 ). In contrast, the atmospheric mercury over the ocean relative to geothermal sources was low. Consequently, a relatively higher level of TGM was recorded over the Reykjavik harbor compared to the Akurevri harbor.
CONCLUSIONS
During the Fifth Chinese National Arctic Research Expedition in 2012 (CHINARE 2012) the total gaseous mercury (TGM) levels from Shanghai to the Bering straits along the Northwestern-Pacific volcanic belt and Iceland were measured. The spatial distribution of TGM concentrations was determined and values ranged from 0.17 to 9.03 ng/m 3 with a mean of 1.86 ± 1.21 ng/m 3 (median: 1.55 ng/m 3 ) over the entire course. The study focused on the effects of natural sources or processes on atmospheric mercury. This provides supplemental data for global mercury levels and can be used as reference data for the quantitative evaluation of atmospheric mercury flux. In addition, marine ship-based measurements of TGM can provide large-scale mercury distribution information about geothermal or volcanic activity.
Several factors may have influenced regional TGM characteristics in the geothermal or volcanic regions. The cruise was divided into five legs based on the closest volcanic or geothermal region. The TGM means in leg1 and leg4, close to Japan, were 1.99 ± 0.71 ng/m 3 and 2.78 ± 1.42 ng/m 3 , respectively. Considering atmospheric and oceanic sources of mercury, the peaks displayed no relationship with CO concentrations but correlated with CDOM in leg1 and leg4 observed in this study. These findings suggest that the peak values of TGM in leg1 and leg4 were not influenced by anthropogenic sources to the atmosphere. We suggest that the peaks around Japan were related to ocean emissions. The TGM values in leg2 and leg3, near the Kamchatka peninsula, had means of 1.23 ± 0.55 ng/m 3 and 2.56 ± 1.39 ng/m 3 , respectively. SO 2 data and the trajectory of volcanic ashes verified the TGM peak in the leg3 was influenced by volcanic activity, while the peak value of leg2 was influenced by the high regional background level of the North Pacific Ocean. The TGM mean in Iceland was 1.39 ± 1.02 ng/m 3 with a peak value in Reykjavik harbor (mean: 1.91 ± 1.27 ng/m 3 ) due to more geothermal sources input.
